The sporulating bacilli accumulate large amounts of calcium at a well-defined time in the developmental sequence leading to the formation of spores (9) . They thus afford an opportunity for the study of calcium transport and its regulation. The search for possible components of this transport system led to the discovery of a calcium-binding molecule that reaches peak activity at a time just before calcium accumulation begins to rise exponentially (3, 4) . We now report the isolation of a membrane vesicle preparation from Bacillus megaterium during growth and sporulation. This preparation takes up calcium in the presence of a suitable electron donor system as the energy source. It may therefore constitute part of the calcium transport system of this organism.
MATERIALS AND METHODS

Chemicals. 4"Ca and L-[(4Clglutamic acid were
obtained from New England Nuclear. Phenazine methosulfate, lysozyme, ribonuclease, and deoxyribonuclease were products of Sigma Chemical Co. All other chemicals were reagent grade.
Growth of cells. Spores of B. megaterium MA, kindly supplied by J. Millet, Pasteur Institute, Paris, were inoculated into 240 ml of complex medium (1) without added calcium (4) . For the initial growth and to prepare log-phase cells, glucose was added at 5 g/liter. For the preparation of sporulating cells, secondary growth medium contained 1 g of glucose per liter. When the initial growth culture had achieved a density equivalent to about 1 absorbance unit at 600 nm, 10 ml of the growing culture was diluted with 250 ml of fresh medium. Cultures were grown in 1-liter Erlenmeyer flasks shaken at 35 C. When cultures were allowed to sporulate, spore density was 108 spores per ml.
Preparation of membrane vesicles. Membrane vesicles were prepared by the method of Konings et al. (7) . Cultures were harvested by centrifugation and washed with 100 mM imidazole chloride (pH 6.6). The washed cells were suspended in 50 mM imidazole chloride (pH 8.0); lysozyme, ribonuclease, and deoxyribonuclease were added, and incubation was allowed to proceed. After 15 min, MgSO4 was added to a concentration of 10 mM, and incubation was continued for another 15 min. The vesicles were harvested by centrifugation and suspended in 50 mM imidazole chloride (pH 6.6) with 10 mM MgSO4 (7) . Protein content was determined by the method of Lowry et al. (8) .
Uptake experiments. Uptake was measured in 50-pliter assay mixtures ( was calculated in picomoles from the specific radioactivity of the calcium added.
RESULTS
Energy-dependent 45Ca uptake by logphase vesicles. Figure 1 shows the results of a typical uptake experiment in the presence of an electron donor source. A plateau was reached within 2 min of incubation, representing a sevenfold increase over uptake in the absence of the energy source. The initial uptake rate was approximately eight times greater in the presence than in the absence of an energy source.
Preparations tended to vary widely in the energy-dependent stimulation of the initial rate or plateau value. Moreover, the capacity for energy-dependent uptake was very labile and was lost in about a week, even if membrane vesicles were stored in liquid nitrogen.
It is apparent that all components of the electron donor source are required for energydependent uptake to occur, as deletion of either potassium ascorbate or phenazine methosulfate led to complete loss of uptake enhancement (Table 1) . Energy-dependent calcium uptake was independent of the presence of Mg2+ in the assay at concentrations up to 10 mM and was abolished by the addition of 8 mM sodium cyanide (data not shown).
Vesicle characterization. When viewed in a phase-contrast microscope, vesicles from B. megaterium appeared as small, transparent spherules. The vesicle preparation was essentially devoid of cells.
When a membrane vesicle preparation was layered on 60% sucrose and centrifuged at 40,000 x g for 16 h, all of the material remained at the surface of the 60% sucrose layer, whereas whole cells and spores were pelleted.
Parallel extractions by hot 5% trichloroacetic acid of whole cells and membrane vesicles showed that the membranes contained less than 6% of the nucleic acid (1 absorbance unit at 260 nm) found in the cells. Analysis of the residue from this extraction showed that vesicles also contained less than 6% of the cellular protein (8) .
According GOLUB AND BRONNER dependent 45Ca uptake, but the differential due to the addition of an energy source is much greater in the imidazole chloride buffer, which therefore was employed routinely. Effect of calcium concentration. Calcium uptake by membrane vesicles varied as a function of calcium concentration (Fig. 3) . Because uptake was approximately linear over the first 2 min (Fig. 1 ) at all calcium concentrations tested, a 2-min assay was done, and the energydependent uptake differential was plotted. As can be seen, uptake can be described as a saturable function of the calcium concentration. One may therefore calculate an apparent Km and Vmax.These values varied from preparation to preparation, but always yielded the type of function displayed in Fig. 3 .
Vesicles from sporulating cells. Significant calcium accumulation does not occur in B. megaterium until about 3 h after initiation of sporulation (3, 4, 9) . It was therefore of interest to see whether vesicles prepared from sporulating cells can accumulate calcium and whether their calcium-dependent uptake capacity varies during sporulation. Membrane vesicles can be prepared from sporulating cells, and they carry out energy-dependent calcium uptake (Fig. 4) . A similar result has been obtained with vesicles prepared from cells whose 45Ca uptake was 80% of the maximum (4). Calcium uptake also appears to vary with calcium concentration in both types of preparations. However, this calcium-dependent variation does not fit simple Michaelis-Menten kinetics, and there was no evidence of saturability at the concentrations tested (up to 100 mM Ca). At low calcium concentrations transport rates were either similar or smaller than for vesicles from log-phase cells (Fig. 3) .
Effect of DPA. It may be seen that a decrease in calcium concentration leads to a drop in calcium uptake (Fig. 3) . When 400 mM dipicolinic acid (DPA), a strong calcium chelator (Kd Me 10-5 M) synthesized by Bacillus species in the course of sporulation (9) , was added to the assay system, energy-dependent calcium uptake was completely inhibited and nonenergydependent uptake was reduced by one-third. Addition of DPA at a concentration approximately equal to or 0.1 of the concentration of the calcium (4.2 1AM) did not affect 45Ca uptake (Table 2) . DPA (4.4 ,M) would decrease the free Ca2+ concentration from 4.2 to 3.0 ,M. This would have led to a rate drop of 2 pmol/min x milligram of protein, from 15 to 13, an experimentally undetectable decrease (Fig. 3) .
Since addition of DPA to the assay system can lead to decreased Ca uptake, inclusion of DPA within the vesicle might have led to increased uptake. Membrane vesicles were pre-TIME (minutes) FIG. 4 (6, 7) . To our surprise, vesicles so prepared exhibited a 40 to 50% drop in the plateau value of the energy-dependent calcium uptake differential. This DPA-related drop was eliminated, however, when vesicles were washed prior to assay, and may therefore be attributed to the presence of DPA in the outside solution (see above). Attempts to determine directly whether DPA was incorporated inside the vesicles were inconclusive.
DISCUSSION
This is the first demonstration of the existence of an energy-dependent calcium uptake by membrane vesicles from Bacillus species. Calcium uptake has been observed in membrane vesicles prepared from B. subtilis and stored in liquid nitrogen for many months (S. Silver, personal communication). However, uptake was not increased when potassium ascorbate and phenazine methosulfate were added to the assay mixture. Moreover, the level of nonenergy-dependent uptake was much higher than reported here. These observations may be explained by our finding that within a few days after membrane vesicle preparation the energydependent calcium uptake decreases, whereas the energy-independent process becomes quantitatively more important. What causes this decrease in energy-dependent transport capacity is unknown.
The demonstration of the existence of an energy-dependent transport mechanism in B.
megaterium adds weight to the argument (5) that calcium transport may be an active process. It also raises some interesting questions concerning calcium accumulation.
Whole cells in log-phase do not accumulate calcium, but do so after sporulation has begun (3) . The membrane vesicle system is present at both stages of development. Therefore, if this system functions in calcium transport, an additional process (or step) must be involved in accumulation, Accumulation may result either from a relative increase in influx, a relative decrease in efflux, or a specific accumulation mechanism as the synthesis of a trapping molecule. A relative increase in influx seems unlikely in view of the fact that transport rates in vesicles from cells undergoing sporulation were no higher than in vesicles from log-phase cells.
DPA could serve as a calcium accumulator, at the same time enhancing calcium influx, since our findings with a high DPA concentration in the vesicle assay system indicate that the Ca-DPA complex does not penetrate the membrane. However, DPA seems to be synthesized after maximal calcium uptake occurs (3, 9) , and its molar concentration in the spore does not greatly exceed that of calcium. In contrast, the calcium binder previously reported (3, 4) increases after sporulation has begun but before significant calcium uptake occurs. It may therefore play a role in the accumulator system.
